Dear Editor,
Tumor necrosis factor-α (TNF) can induce either apoptosis or programmed necrosis (necroptosis) when different cell lines are used [1, 2] . While receptorinteracting protein 1 (RIP1) can participate in signaling for both apoptosis and necrosis [3, 4] , recent studies by us and by others have shown that RIP3 is essential for TNF-induced necroptosis [5] [6] [7] and has no role in TNFinduced apoptosis [6, 7] . Classification of TNF-induced cell death in a number of cell lines, such as L929 and murine embryonic fibroblasts (MEFs), has been made based on morphological and/or biochemical parameters [2, [7] [8] [9] [10] . It is noteworthy that some apoptotic features, such as testing positive for Annexin V, can also be found in cells that show features of necrosis [11] , and, therefore, only major parameters such as caspase dependence can be used to distinguish apoptosis from necrosis. The pan-caspase inhibitor benzyloxycarbonyl-Val-Ala-Aspfluoromethylketone (zVAD) has been used to determine the type of cell death induced by TNF (e.g., apoptosis can be inhibited by inhibition of caspases but necroptosis cannot) [4, 12, 13] . In response to TNF treatment, the fibroblast cell lines -the N line of NIH3T3, the A line of NIH3T3, L929 and MEF cells -showed differences in the caspase dependence of their cell death [2, [7] [8] [9] [10] . To obtain an overall picture of the pathways that mediate TNF-induced cell death signaling, we need to know the caspase dependence of the cell death occurring in these cell lines under different conditions, and the dependence of RIP1 and/or RIP3 in these cell death pathways.
We showed in our previous study that TNF-induced cell death in the N line of NIH3T3 and L929 cells is RIP3-dependent necroptosis (Zhang et al. [7] and Supplementary information, Figure S1A -S1D). Since zVAD can enhance necrosis in some cells and zVAD's effect on the cell is known to be beyond caspase inhibition [14] , we included another pan-caspase inhibitor quinoline-ValAsp-difluorophenoxymethylketone (QVD) in our experiments. QVD did not inhibit TNF-induced cell death in the N line of NIH3T3 and L929 cells (Supplementary information, Figure S1B and S1E), confirming that TNFinduced cell death in the N line of NIH3T3 and L929 cells was caspase independent. Primary MEF cells are less sensitive to TNF-induced cell death in comparison with fibroblast cell lines such as L929, but high doses of TNF (150 ng/ml) can still induce RIP3-dependent necroptosis in MEFs (Supplementary information, Figure  S1F and S1G). It is generally believed that TNF stimulation activates not only the death pathway but also the survival pathway. Inhibition of new protein synthesis by cycloheximide (CHX) can block the survival pathway and, thus, is widely used in studying cell death. Indeed, treatment of primary MEF cells with 30 ng/ml TNF did not cause cell death, but induced significant cell death in the presence of CHX ( Figure 1A ). TNF+CHX-induced MEF cell death is caspase independent, since zVAD or QVD cannot inhibit it ( Figure 1A ). Both zVAD and QVD can partially inhibit TNF+CHX-induced cell death in RIP3 −/− MEFs ( Figure 1A and 1B). Similar results were obtained when immortalized MEFs were used (Supplementary information, Figure S1H ). Because part of RIP3-independent cell death in TNF+CHX-treated MEF cells is insensitive to zVAD or QVD inhibition, this portion of cell death should be non-apoptotic and be RIP3-independent necroptosis.
RIP1 is known to play a crucial role in TNF-induced apoptosis [3] . TNF treatment in the A line of NIH3T3 cells induces caspase-dependent apoptosis, and expression of RIP1 causes caspase-dependent cell death in the A line of NIH3T3 cells (Supplementary information, Figures S1A, S1B and S2A), supporting the role of RIP1 in apoptosis. However, there must also be a RIP1-independent apoptotic pathway, since TNF+CHX can induce RIP1-independent apoptosis in an immortalized RIP1 −/− cell line (named as MEF-ZG line in our figures; Lin et al. [4] and Supplementary information, Figure S2B and S2C). For an unknown reason, both RIP1 and RIP3 were undetectable in this cell line. This cell line is abnormal in comparison with other immortalized MEF lines, in that it is ~100-fold more sensitive to TNF+CHX-induced cell death, although it cannot be killed by TNF alone. Never-
npg theless, the data obtained using this cell line demonstrate that there is a RIP1-independent apoptotic pathway. −/− MEFs (Supplementary information, Data S1). GAPDH was used as a loading control. (C) TNF+CHX-induced death in RIP1 knockdown MEF cells is partially sensitive to zVAD. Wild-type MEF cells were infected with lentivirus encoding control or indicated shRNA(s) for 48 h (Supplementary information, Data S1). Viabilities of these cells that stimulated with mock, TNF (30 ng/ml)+CHX (1 µg/ml) and TNF+CHX+zVAD (20 µM) for 24 h were measured. *P = 0.036, ** P = 0.015, # P = 0.035, ## P = 0.009 and @ P = 0.041. Data were presented as mean ± SEM of triplicates. (D) RIP1, RIP3 and GAPDH expression levels in the cells used in panel C were analyzed by western blotting. (E) L929 cells were infected with lentivirus encoding control, shRNAs of PI3KC3, RIP3 or RIP1 for 48 h. Protein levels were evaluated by western blotting. β-actin was used to confirm equal loading. (F) Depletion of PI3KC3 inhibited zVADinduced modification of LC3. Control and PI3KC3 knockdown L929 cells used in panel E were treated with mock, TNF (1 ng/ ml) or zVAD (20 µM) for 12 h. Cell lysates were subjected to western blot analysis with antibodies against LC3 and β-actin. (G) Depletion of PI3KC3 in L929 cells had no effect on TNF-induced necroptosis, but effectively blocked zVAD-induced cell death. L929 cells described in panel E were treated for 24 h with or without TNF (10 ng/ml) or zVAD (20 µM). Cell viabilities were then measured. Data were presented as mean ± SEM of triplicates. All experiments were done at least three times. Unlike this immortalized RIP1 −/− cell line, only a small portion of TNF+CHX-induced cell death in RIP1 knockdown MEF cells was inhibited by zVAD ( Figure  1C and 1D) . Although we cannot exclude the possibility that the trace amount of remaining RIP1 still mediated necroptosis in the RIP1 knockdown MEFs, it is most likely that a portion of the zVAD-insensitive cell death is mediated by a RIP1-independent mechanism. We also knocked down RIP3 or RIP1 and RIP3 simultaneously, and observed a similar portion of caspase-independent cell death ( Figure 1C and 1D) , suggesting that this portion of TNF+CHX-induced cell death is RIP1 and RIP3 independent.
It was observed that zVAD can induce autophagic cell death in L929 cells [15] , and autophagic cell death was associated with RIP1-and RIP3-dependent cell death [12, 13] . Since autophagic cell death is known to be independent from caspases, we sought to address whether TNF-induced necroptosis is an autophagic cell death or whether autophagy is required for TNF-induced necroptosis. Phosphoinositide 3-kinases (PI3Ks) are a family of intracellular signal transducer enzymes that catalyze phosphorylation of the 3'-hydroxyl position of the inositol ring of phosphatidylinositol. Activation of class III PI3K is essential for autophagosome formation. 3-methyladenine (3-MA) and wortmannin (WM) both can inhibit PI3K activity; thus, they are often used to inhibit autophagy. We tested the effect of 3-MA and WM on TNF-induced necroptosis, and found that 3-MA and WM had no effect on the TNF-induced death of L929 cells (Supplementary information, Figure S3A and S3B). In mammalian cells, signals that lead to inactivation of mammalian target of rapamycin (mTOR) can induce autophagy. Our experimental data showed that inhibition of mTOR by rapamycin in L929 cells had no effect on TNF-induced cell death (Supplementary information, Figure S3C ).
Since chemical inhibitors could target other proteins inside cells, we employed RNA interference (RNAi) knockdown to determine the requirement of autophagy in TNF-induced L929 cell death. PI3KC3 (PI3K, class 3), also named VPS34 (vacuolar protein sorting 34), is the sole member of the class III PI3K. We designed two shRNAs that can efficiently deplete the protein level of PI3KC3 in L929 cells ( Figure 1E, left panel) . zVADinduced modification of microtubule-associated protein 1 light chain 3 (LC3) in L929 cells was inhibited in PI3KC3 knockdown cells ( Figure 1F ), indicating an inhibition of autophagy. We found that knockdown of PI3KC3 in L929 cells had no effect on TNF-induced necroptosis ( Figure 1G ), while depletion of RIP3 or RIP1 by RNAi inhibited TNF-induced cell death (Figure 1E, right panel, and 1G ). In contrast, knockdown of PI3KC3, RIP3 or RIP1 all blocked zVAD-induced cell death ( Figure 1G ), which is known to be an autophagic cell death [15] . Based on the inhibitor and RNAi studies, we conclude that TNF-induced necroptotic cell death does not require PI3KC3-dependent autophagy.
Although the traditional classification of cell death is very useful in understanding and studying different types of cell death, it is clear now that both apoptosis and necrosis are executed by more than a single mechanism. In addition to RIP1-dependent apoptosis and RIP3-dependent necroptosis [3, [5] [6] [7] , RIP1-independent apoptosis and RIP3-independent necroptosis can also be observed. Although RIP1 and RIP3 can participate in autophagic cell death, autophagy is not required for TNF-induced RIP1/3-dependent necroptosis. Multiple signaling pathways can be used by TNF to induce apoptosis or necroptosis, and the predominant death pathway in different cell lines can be significantly different.
